Introduction
Electric vehicles are by many seen as the cars of the future as they are high efficient, produces no local pollution, are silent, and can be used for power regulation by the grid operator. However, electric vehicles still have critical issues which need to be solved. The three main challenges are limited driving range, long charging time, and high cost. The three main challenges are all related to the battery package of the car. The battery package should both contain enough energy in order to have a certain driving range and it should also have a sufficient power capability for the accelerations and decelerations. In order to be able to estimate the energy consumption of an electric vehicles it is very important to have a proper model of the vehicle (Gao et al., 2007; Mapelli et al., 2010; Schaltz, 2010) . The model of an electric vehicle is very complex as it contains many different components, e.g., transmission, electric machine, power electronics, and battery. Each component needs to be modeled properly in order prevent wrong conclusions. The design or rating of each component is a difficult task as the parameters of one component affect the power level of another one. There is therefore a risk that one component is rated inappropriate which might make the vehicle unnecessary expensive or inefficient. In this chapter a method for designing the power system of an electric vehicle is presented. The method insures that the requirements due to driving distance and acceleration is fulfilled. The focus in this chapter will be on the modeling and design of the power system of a battery electric vehicle. Less attention will therefore be put on the selection of each component (electric machines, power electronics, batteries, etc.) of the power system as this is a very big task in it self. This chapter will therefore concentrate on the methodology of the modeling and design process. However, the method presented here is also suitable for other architectures and choice of components. The chapter is organized as follows: After the introduction Section 2 describes the modeling of the electric vehicle, Section 3 presents the proposed design method, Section 4 provides a case study in order to demonstrate the proposed method, and Section 5 gives the conclusion remarks.
Vehicle modeling

Architecture
Many different architectures of an electric vehicle exist (Chan et al., 2010) as there are many possibilities, e.g., 1 to 4 electric machines, DC or AC machines, gearbox/no gearbox, high or 1 low battery voltage, one or three phase charging, etc. However, in this chapter the architecture in Fig. 1 is chosen. The purpose of the different components in Fig. 1 will here shortly be explained: The traction power of the wheels is delivered by the three phase electric machine. The torque of the left and right wheels are provided by a differential with also has a gear ratio in order to fit the high speed of the electric machine shaft to the lower speed of the wheels. The torque and speed of the machine are controlled by the inverter which inverts the battery DC voltage to a three phase AC voltage suitable for the electric machine. When analyzing the energy consumption of an electric vehicle it is important also to include the losses due to the components which not are a part of the power chain from the grid to the wheels. These losses are denoted as auxiliary loss and includes the lighting system, comfort system, safety systems, etc. During the regenerative braking it is important that the maximum voltage of the battery is not exceeded. For this reason a braking resistor is introduced. The rectifier rectifies the three phase voltages and currents of the grid to DC levels and the boost converter makes it possible to transfer power from the low voltage side of the rectifier to the high voltage side of the battery. Fig. 1 . Architecture of the battery electric vehicle. In the figure the main components of the vehicles which have an influence on the energy consumption of the vehicle is shown.
Force Model
The forces which the electric machine of the vehicle must overcome are the forces due to gravity, wind, rolling resistance, and inertial effect. These forces can also be seen in Fig. 2 where the forces acting on the vehicle are shown.
Fig. 2. Free body diagram of the forces (thick arrows) acting on the car.
The traction force of a vehicle can be described by the following two equations (Ehsani et al., 2005) : 
Auxiliary loads
The main purpose of the battery is to provide power for the wheels. However, a modern car have also other loads which the battery should supply. These loads are either due to safety, e.g., light, wipers, horn, etc. and/or comfort, e.g., radio, heating, air conditioning, etc. These loads are not constant, e.g., the power consumption of the climate system strongly depend on the surrounding temperature. Even though some average values are suggested which can be seen in Table 1 . From the table it may be understood that the total average power consumption is p Aux = 857 W. (Ehsani et al., 2005; Emadi, 2005; Lukic & Emadi, 2002) .
Transmission
From Fig. 1 it can be understood that the torque, angular velocity, and power of the transmission system are given by the following equations: [W] Traction power It is assumed that the power from the shaft of the electric machine to the two driving wheels has a constant efficiency of η TS = 0.95 (Ehsani et al., 2005) . The shaft torque, angular velocity, and power of the electric machine are therefore 
Electric machine
For propulsion usually the induction machine (IM), permanent magnet synchronous machine (PMSM), and switched reluctance machine (SRM) are considered. The "best" choice is like many other components a trade off between, cost, mass, volume, efficiency, reliability, maintenance, etc. However, due to its high power density and high efficiency the PMSM is selected. The electric machine is divided into an electric part and mechanic part. The electric part of the PMSM is modeled in the DQ-frame, i.e.,
where 
where P [−] Number of poles
Inverter
A circuit diagram of the inverter can be seen in Fig. 3 . The inverter transmits power between the electric machine (with phase voltages v A , v B , and v C ) and the battery by turning on and off the switches Q A+ , Q A-, Q B+ , Q B-, Q C+ , and Q C-. The switches has an on-resistance R Q,Inv . The diodes in parallel of each switch are creating a path for the motor currents during the deadtime, i.e., the time where both switches in one branch are non-conducting in order to avoid a shoot-through. The average power losses of one switch p Q,Inv and diode p D,Inv in Fig. 3 during one fundamental period are (Casanellas, 1994) : If it is assumed that the threshold voltage drop of the switches and diodes are equal, i.e., V th,Inv = V Q,th,Inv = V D,th,Inv , and that the resistances of the switches and diodes also are equal, i.e., R Inv = R Q,Inv = R D,Inv , the total power loss of the inverter is given by
The output power of the inverter is the motor input power p EM . The inverter input power and efficiency are therefore
where
Battery
The battery pack is the heart of an electric vehicle. Many different battery types exist, e.g., lead-acid, nickel-metal hydride, lithium ion, etc. However, today the lithium ion is the preferred choice due to its relatively high specific energy and power. In this chapter the battery model will be based on a Saft VL 37570 lithium ion cell. It's specifications can be seen in Table 2 .
Maximum voltage
A Maximum pulse discharge current I Bat,max,cell 28 A Table 2 . Data sheet specifications of Saft VL 37570 LiIon battery (Saft, 2010).
Electric model
The battery will only be modeled in steady-state, i.e., the dynamic behavior is not considered. The electric equivalent circuit diagram can be seen in Fig.4 . The battery model consist of an internal voltage source and two inner resistances used for charging and discharging. The two diodes are ideal and have only symbolics meaning, i.e., to be able to shift between the charging and discharging resistances. Discharging currents are treated as positive currents, i.e., charging currents are then negative. 
Inner battery cell resistance during charge mode The inner voltage source and the two resistances in Fig. 4 depend on the depth-of-discharge of the battery. The battery cell have been modeled by the curves given in the data sheet of the battery. It turns out that the voltage source and the resistances can be described as 10 th order polynomials, i.e., where a 
Capacity model
The inner voltage source, charging resistance, and discharge resistance all depend on the depth-of-discharge. The state-of-charge and depth-of-discharge depend on the integral of the current drawn or delivered to the battery, i.e.,
The equivalent battery cell current depend on the sign and amplitude of the current (Schaltz, 2010) . Therefore i Bat,eq,cell = I Bat,1,cell
Charging efficiency It is seen that the peukert number has two different values depending on the amplitude of the discharge current. For currents higher than the nominal 1 hour discharge current I Bat,1,cell the capacity is therefore reduced significant.
Simulation results
In order to verify the methods used to calculate the state-of-charge, internal voltage source, and charging resistance calculations are compared to the data sheet values. The results can be seen in Fig. 5 where the battery cell voltage is shown for different C-values (1 C is the nominal discharge current of I Bat,1,cell = 7 A, which means that C/2 is equal to 3.5 A). It is seen that the calculated voltages almost are identical to the data sheet values. It is also noticed that the voltage is strongly depending on the current level and the delivered Ah, and that the voltage drops significant when the battery is almost completely discharged. 
Boost converter
The circuit diagram of the boost converter can be seen in Fig. 6 . The losses of the boost 
Rectifier
In order to utilize the three phase voltages of the grid v U , v V , and v W they are rectified by a rectifier as seen in Fig. 7 . In the rectifier the loss is due to the resistance R D,RF and threshold voltage V D,th,RF . The average rectified current, voltage, and power are given by (Mohan et al., 2003) i RF = I Grid 3 2 (34)
Simulation model
The models of each component of the power system in the electric vehicle have now been explained. When combining all the sub models a model of the battery electric vehicle is obtained. In Fig. 8 the implementation in a Matlab/Simulink environment can be seen. The overall vehicle model includes the model of the forces acting on the vehicle (wind, gravity, rolling resistance, etc.), and the individual components of the power train, i.e., transmission, electric machine, inverter, battery, boost converter, rectifier. The wind speed v wind and road angle α have been set to zero for simplicity. The input to the simulation model is a driving cycle (will be explained in Section 4) and the output of the model is all the currents, voltages, powers, torques, etc, inside the vehicle.
Design method
Parameter determination
The parameter determination of the components in the vehicle is an iterative process. The parameters are calculated by using the models given in Section 2 and the outputs of the Matlab/Simulink model shown in Fig. 8 .
Battery
The maximum rectified voltage can be calculated from Equation 35 in no-load mode, i.e.,
In order to insure boost operation during charging the rectified voltage of the rectifier should always be greater than this value. The required number of series connected cells is therefore
The number of series connected cells N Bat,s is due to the voltage requirement of the battery pack. However, in order to insure that the battery pack contains sufficient power and energy it is probably not enough with only one string of series connected cells. The battery pack will therefore consist of N Bat,s series connected cells and N Bat,p parallel strings. The number of parallel strings N Bat,p are calculated in an iterative process. The flow chart of the sizing procedure of the battery electric vehicle can be seen in Fig. 9 . In the "Initialization"-process the base parameters are defined, e.g., wheel radius and nominal bus voltage, initial power ratings of each component of the vehicle are given, and the base driving cycle is loaded into the workspace of Matlab. In the "Is the minimum number of parallel strings obtained?"-decision block it is verified if the minimum number of parallel strings that fulfills both the energy and power requirements of the battery have been reached. If not a "Simulation routine"-process is executed. This process are executed several times during the sizing procedure and its flow chart is therefore shown separately in Fig. 9 . This process consist of three sub-processes. The first sub-process is "Design components". In this process the parameters of each component of the battery electric vehicle are determined, e.g., motor and power electronic parameters. The next sub-process is the "Vehicle simulation"-process. In this process the Simulink-model of the vehicle is executed due to the parameters specified in the previous sub-process. In the third and last sub-process, i.e., the "Calculate the power and energy of each component"-process, the energy and power of each component of the vehicle are calculated. The three sub-processes in the "Simulation routine"-process are executed three times in order to make sure that parameters converges to the same values for the same input. After the "Simulation routine"-process is finish the "Calculate number of parallel strings"-process is applied. In this process the number of parallel strings N Bat,p is either increased or decreased. When the minimum possible number of parallel strings that fulfills both the energy and power requirements of the battery has been found the "Simulation routine"-process is executed in order to calculate the grid energy due to the final number of parallel strings. In principle all the energy of a battery could be used for the traction. However, in order to prolong the lifetime of the battery it is usually recommended not to charge it to more than 90 % of its rated capacity and not to discharge it below SoC Bat,min = 20 %, i.e., only 70 % of the available energy is therefore utilized. In Fig. 10 it can be seen how the "Calculate number of parallel strings"-process finds the minimum number of parallel strings N Bat,p that fulfills both the energy and power requirements. This process is a part of the sizing procedure shown in Fig. 9 . In Fig. 10 (a) the minimum state-of-charge min(SoC Bat ) is shown and in Fig. 10(b) the maximum battery cell discharge current max(i Bat,cell ) is shown. From the figure it is understood that the first iteration is for N Bat,p = 10. However, both the minimum state-of-charge and maximum discharge current are satisfying their limits, i.e., SoC Bat,min = 0.2 and I Bat,max,cell = 28 A, respectively. Therefore the number of parallel strings is reduced to N Bat,p = 3 for iteration number two. However, now the state-of-charge limit is exceeded and therefore the number of parallel strings is increased to N Bat,p = 8 for iteration three. This process continuous until iteration number six where the number of parallel strings settles to N Bat,p = 6, as this is the minimum number of parallel strings which ensures that both the state-of-charge and maximum current requirements are fulfilled. 
Electric machine
In order to design the machine design constraints from UQM Technologies (UQM, 2010) are applied. The machine from UQM Technologies is a brushless permanent magnet synchronous machine with the specifications in Table 3 . The phase angle between the voltage and current is not specified, but is assumed to be φ EM,nom = 0.55 rad, which corresponds to a power factor of cos(φ EM,nom ) = 0.85. The shaft angular velocity at (maximum power, maximum torque), (maximum power, continuous 
The relationship between the maximum and continuous shaft torque can be defined as
It is only possible to have the maximum shaft torque of a PMSM as long as the product of the shaft torque and angular velocity is below the maximum shaft power due to the voltage induced by the permanent magnet. For a PMSM with a given shaft peak torque τ s,max the speed-torque contour can be written as
The peak shaft torque τ s,max is selected in such a way that the (τ s , ω s )-output from the Matlab/Simulink simulation is below the shaft torque contour τ s,limit calculated by Equation 46. By trial-and-error-method it turns out that if the coulomb torque and viscous friction are responsible for 2 % and 6 %, respectively, of the power loss at maximum speed and power, the maximum efficiency is located around the nominal point of operation. Therefore
The nominal electro mechanical torque is:
The machine will be designed at nominal speed ω s,nom , maximum power P s,max , and minimum bus voltage V Bus,min . The speed is approximately proportional to the terminal voltage. At the minimum bus voltage the machine should be able run at maximum speed with a modulation index m i = 1. Because the machine is designed at nominal speed, but at the minimum battery voltage, the modulation index is
The voltages of the machine are therefore:
V q,nom =V p,nom cos(φ EM,nom ).
Several control properties of the PMSM can be applied. Due to its simple implementation the I d = 0 property is selected even though the reluctance then cannot be utilized. Therefore, when using I d = 0 control the machine parameters can be calculated as follows:
ω e,nom = ω s,nom P 2 = 4500 rad/s (58)
The efficiency of the machine for different torque-speed characteristics can be seen in Fig. 11 . It is seen that the efficiency is highest at continuous torque τ s,cont and nominal speed n s,nom . A common mistake in electric vehicle modeling is to assume a fixed efficiency of the components and it can be understood from Fig. 11 that wrong conclusions therefore can be made if the electric machines not is operating in a sufficient point of operation. The corner speed n s,corner , nominal speed n s,nom , maximum speed n s,max , continuous torque τ s,cont , peak torque τ s,max , and the torque contour τ s,limit are also shown in the figure.
Transmission
The maximum speed of the electric machine is n s,max = 8000 rpm. The required gear ratio of the differential is therefore 
τ s,cont τ s,limit Fig. 11 . Efficiency map of the electric machine.
From Equation 61 it is seen that the differential is designed with a 10 % buffer of the maximum speed of the car.
Rectifier
It is expected that most of the charging of the vehicle will take place at private homes, where the maximum RMS-current is I Grid,max = 16 A. The maximum grid power and rectifier current are therefore
I RF,max = 3 2 I Grid,max = 19.6 A.
It is assumed that the rectifier has an efficiency of η RF,nom = 0.98 at maximum grid power. The switch-on resistance can therefore be calculated from Equation 36:
Boost converter
It is assumed that the boost converter has efficiency η BC,nom = 0.98 at maximum power. The maximum power of the boost converter is therefore
The threshold voltage is V th,BC = 1.5 V. From Equation 31 the resistance of the boost converter is therefore
It might be noticed that the values of the resistances of the rectifier and boost converter are higher than one would expect. However, this is because it is assumed that all the loss is due to the threshold voltage and resistance of the switches and diodes.
Inverter
The inverter is also designed at the maximum power of the electric machine and at minimum battery voltage. However, the inverter is designed at the peak shaft torque instead of at the maximum speed. The inverter is assumed to have an efficiency of η Inv,nom = 0.98 at this point of operation. The loss P Inv,loss,max and resistance R Inv of the inverter are therefore
The threshold voltage is assumed to be V th,Inv = 1 V.
Battery charging control
During the charging of the battery, i.e., both due to the regenerative braking and the grid, it is very important that the maximum battery charging current and voltage not are exceeded. The maximum allowed cell charging current can be calculated from the inner and outer voltage of the battery cell, i.e.,
In Equation 73 it is insured that neither the maximum allowed voltage or current are exceeded. The battery pack consist of N Bat,s series connected cells and N Bat,p parallel connected strings.
The total voltage and current of the battery pack can therefore be calculated as
i Bat,cha,max = N Bat,p i Bat,cell,cha,max .
During the charging of the battery the battery cell voltage v Bat,cell should not exceed V Bat,max,cell = 4.2 V and the maximum cell charging current should not be higher than Saft, 2010) . In order to charge the battery as fast as possible either the maximum voltage or maximum current should be applied to the battery. The requested battery charging current, i.e., the output current of the boost converter i BC , is therefore
which means that the requested output power of the boost converter is
The requested charging current insures that neither the maximum allowed voltage or current are exceeded. However, for a big battery pack the required charging power might be so high that a special charging station is necessary. The requested input current of the boost converter, i.e., the rectifier current i RF , can be calculated by Equation 31 and 78:
The grid RMS-current can therefore from Equation 34 be calculated as Table 4 . Parameters of the vehicle used for the case study.
Thereby it is ensured that the maximum RMS grid current is not exceeded. The actual values can therefore be obtained by calculating backwards, i.e.,
4. Case study
Driving cycle
When different cars are compared in terms of energy consumption a standard driving cycle is used. An often used driving cycle is the New European Driving Cycle (NEDC) as this driving cycle contains both city driving with several start-and-stops and motorway driving, i.e., it is a good representation of a realistic driving environment. The NEDC has a maximum speed of 120 km/h, an average speed of 33.2 km/h, a duration of 1184 s, and a length of 10.9 km. The NEDC profile can be seen in Fig. 12 . The input to the simulation will be the NEDC repeated 14 times as this should provide a driving distance of 153 km which is assumed to be an acceptable driving distance.
Vehicle parameters
The energy consumption of a given vehicle depend on the physical dimensions and total mass of the vehicle. For this case study the parameters in Table 4 are used. The glider mass is the mass of the vehicle without motor, battery, power electronics, etc. It might be understood from the parameters in Table 4 that it is a rather small vehicle, i.e., similar to a Citroën C1.
Results
In Fig. 13 the battery state-of-charge, current, voltage, and the power of the grid and battery can be seen. It is understood from Fig. 13(a) that the battery is designed due to its energy requirement rather than the power requirement as the state-of-charge reaches the minimum allowed value of SoC Bat,min = 0.2. In Fig. 13(b) and (c) the battery current and voltage are shown, respectively. It is seen that when the current becomes higher the voltage becomes lower as the power should be the same. In Fig. 13 (d) the battery and grid power are shown. It is seen that the charging of the battery is limited by the maximum allowed grid power P Grid,max . After approximately two hours the battery reaches the maximum voltage, and it is therefore seen that the battery then is charged under constant-voltage approach, which means that the battery current and power and grid power slowly are decreased until the battery reaches its initial state-of-charge value. Fig. 10 it is understood that N Bat,p = 5 parallel strings are demanded in order to fulfill this requirement. This means that the battery pack has a capacity of
The energy distribution of the vehicle can be seen in Fig. 14. During the 14 NEDC repetitions E t = 11.2 kWh is delivered to the surface between the driving wheels and the road, but E Grid = 22.7 kWh charging energy is taken from the grid. This means that only 49 % of the charging energy from the grid is used for the traction and that the grid energy consumption is 148.3 Wh/km. The rest of the energy is lost in the path between the wheels and the grid. The auxiliary loads are responsible for the biggest energy loss at 17 %. However, it is believed that this can be reduced significant by using diodes for the light instead of bulbs, and to use heat pumps for the heating instead of pure resistive heating. The battery is responsible for the second largest energy waist as 14 % of the grid energy is lost in the battery. The battery was only designed to be able to handle the energy and power requirements. However, in order to reduce the loss of the battery it might be beneficial to oversize the battery as the battery peak currents then will become closer to its nominal current which will reduce the negative influence of the peukert phenomena. However, a heavier battery will also increase the traction power, so the gained reduction in battery loss should be higher than the increased traction power. A bigger battery will of course also make the vehicle more expensive, but these issues are left for future work. 
Conclusion
In this chapter a battery electric vehicle have been modeled and designed. The battery of the electric vehicle is designed in such a way that both the power and energy requirements are fulfilled for a given driving cycle. The design procedure is an iterative process as the power flow inside the vehicle depends on the parameters of each component of the power system between the grid and driving wheels. The loss of each component in the vehicle depend on the internal states of the vehicle, i.e., the voltages, currents, speed, torques, and state-of-charge. These states have been included in the modeling in order to obtain a realistic energy calculation of the vehicle. A case study with a small vehicle undergoing 14 driving cycles of type NEDC resulted in a grid energy consumption of 148.3 Wh/km with an efficiency of 49 % from the grid to the driving wheels. However, a relatively big part of the energy loss is due to the auxiliary loads, e.g., light, safety systems, comfort systems, etc., and the battery. For this work the only design constraint of the battery was the voltage limit, and the energy and power requirements. For future work it is recommended also to include the cost and overall efficiency as design parameters. It is also suggested to investigate how the loss due to the auxiliary loads can be reduced.
